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ABSTRACT
Obesity has long been linked with prostate cancer progression, although the 
underlying mechanism is still largely unknown. Here, we report that adipocytes 
promote the enrichment of prostate cancer stem cells (CSCs) through a vicious cycle 
of autocrine amplification. In the presence of adipocytes, prostate cancer cells actively 
secrete the peptide hormone cholecystokinin (CCK), which not only stimulates prostate 
CSC self-renewal, but also induces cathepsin B (CTSB) production of the adipocytes. 
In return, CTSB facilitates further CCK secretion by the cancer cells. More importantly, 
inactivation of CCK receptor not only suppresses CTSB secretion by the adipocytes, but 
also synergizes the inhibitory effect of CTSB inhibitor on adipocyte-promoted prostate 
CSC self-renewal. In summary, we have uncovered a novel mechanism underlying the 
mutual interplay between adipocytes and prostate CSCs, which may help explaining 
the role of adipocytes in prostate cancer progression and provide opportunities for 
effective intervention.
INTRODUCTION
Prostate cancer is the second most common cause 
of solid tumours in men worldwide [1]. Despite recent 
advances in the detection of early prostate cancer, there 
remains no effective therapy for patients with metastatic 
disease [2]. The majority of patients with advanced 
disease will respond initially to androgen ablation therapy. 
However, 75-80% of them will go on to develop bone 
metastasis and once the tumor established in the bone, the 
disease is considered as incurable [3-5].
Tumor metastasis develops when cancer cells 
disseminate into the circulation, colonize secondary 
tissues and redevelop into bulk tumors [6]. Recent 
evidence supports the idea that tumor metastasis originates 
from a rare population of cancer cells known as cancer 
stem cells (CSCs). CSCs are characterized by their highly 
invasive characteristics and by their ability to self-renew 
and differentiate into heterogeneous lineages of cancer 
cells [7]. The unique plasticity of CSCs also allows them 
to undergo the phenotypic switch known as the epithelial-
to-mesenchymal transition (EMT) [8], which facilitates 
the mobilization and homing of tumor cells to target 
organs [9]. The stemness of CSCs is highly dependent on 
the presence of a stem cell niche. Recent studies suggested 
that CSCs are capable of creating their own niche by 
recruiting mesenchymal stem cells or macrophages, 
resulting in expansion of the CSC population within the 
tumor microenvironment [10, 11]. The same process 
is suggested to occur during the development of bone 
metastasis, whereby disseminated prostate and breast 
tumor cells with CSC properties have been found to 
occupy the hematopoietic stem cell niche and hijacking 
the signalling pathways within bone marrow [12-14]. 
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Therefore, identifying the key components of the CSC 
niche that support prostate cancer metastasis may offer 
opportunities for new treatment strategies.
Emerging data from recent studies support that 
adipocytes play a key role in prostate tumor metastasis. 
For example, obesity, which is associated with abnormal 
growth and functions of adipocytes, has been shown 
to correlate strongly with tumor metastasis in prostate 
cancer patients. Meanwhile, high-fat diet has also been 
consistently shown to promote the development of 
prostate tumor metastasis [15]. Furthermore, adipocytes 
isolated from periprostatic adipose tissues were found 
to induce invasiveness of prostate cancer cells [16]. 
Recently, adipocytes have also been reported to stimulate 
the growth and aggressiveness of prostate cancer cell 
through the production of a number of adipokines [17-20]. 
Considering that adipocyte lineage cells were found to 
stimulate follicular stem cell expansion [21], it is possible 
that adipocytes may promote prostate tumor metastasis by 
contributing to the formation of a CSC niche within the 
tumor microenvironment.
Here, we demonstrated the role of adipocytes in 
supporting self-renewal of prostate CSCs. We found 
that co-culturing of prostate cancer cells with adipocytes 
resulted in CSC enrichment, which was associated 
with upregulation of cholecystokinin (CCK), a peptide 
hormone regulating fat digestion and satiety. CCK not 
only functions as an autocrine factor to promote CSC self-
renewal, but also acts as a paracrine factor on adipocyte to 
stimulate the secretion of the cysteine protease cathepsin 
B (CTSB). Surprisingly, CCK secretion by the cancer 
cells was found to be induced by CTSB, suggesting that 
CCK and CTSB contribute to an autocrine/paracrine 
amplification loop that mediates the mutual interplay 
between prostate CSCs and adipocytes.
RESULTS
Adipocytes promote prostate CSC self-renewal
In order to understand the mutual interplay between 
adipocytes and prostate CSCs population, mouse prostate 
cancer cell line (TRAMP-C1) was allowed to grow in 
a non-adherent condition in the presence or absence 
of adipocytes (derived from the mouse 3T3-L1 pre-
adipocyte cell line). Co-culturing with fully differentiated 
adipocytes strongly induced the self-renewal ability of the 
TRAMP-C1 cells, as evidenced by the drastic induction 
of spheroid formation (1 vs 12) under co-culture 
conditions (Figure 1A&1B). Apart from increasing the 
number of prostaspheres formed, the size of individual 
prostaspheres was also significantly increased in the 
presence of adipocytes adipocytes (Figure 1B). Similarly, 
adipocytes also promoted spheroid formation of three 
other mouse prostate cancer cell lines TC1-T5, RM1 
and RM1-BM (Suppl. Figure 1). Meanwhile, adipocytes 
also significantly induced the formation of secondary 
prostaspheres (Figure 1C&1D), further confirming the 
effect of adipocytes on prostate CSC self-renewal ability. 
Consistently, mouse bone marrow derived adipocytes 
(OP9) and human SGBS adipocytes also promoted the 
prostatsphere formation of TRAMP-C1 and PC-3 cells to 
a similar extent respectively (Suppl. Figure 2 and data not 
shown), suggesting that the CSC-promoting effect may 
be common among adipocytes derived from different 
origins.
To validate our findings, western blotting and 
flow cytometry analysis of common CSC markers were 
performed. As shown in Figure 1E, protein expression 
of Notch1, CD49f, Sca-1 and Nanog in TRAMP-C1 
cells was significantly upregulated after co-culturing 
with adipocytes. Furthermore, the percentage of cells 
expressing the two putative CSC markers CD49f and 
Sca-1 was significantly upregulated after co-culturing 
with adipocytes (Figure 1F). These results confirm that 
adipocytes actively promote self-renewal of prostate 
CSCs, leading to subsequent expansion of CSC 
population, supporting the notion that adipose tissues 
may contribute to a metastatic niche necessary for the 
maintenance of prostate CSCs.
Adipocytes induce a CCK autocrine loop in 
prostate CSCs
To understand the underlying mechanism that 
drives the active self-renewal of prostate CSCs under 
the co-culture conditions, cDNA microarray analysis 
was performed to compare the gene expression profile 
of TRAMP-C1 cells that grow alone or in the presence 
of adipocytes. As expected, expression of a number of 
known stemness factors such as ALDH1A1, GFI-1 or 
ITGA2 were highly induced in TRAMP-C1 cells in the 
presence of adipocytes (Figure 2A and Suppl. Figure 
3). However, the gene that showed the highest level 
of induction was found to encode the protein CCK 
(Figure 2A and Suppl. Table 1), a peptide hormone 
expresses mainly by the mucosal epithelium in response 
to consumption of high-fat diet. Subsequent analysis 
with Real time- polymerase chain reaction (RT-PCR) 
and Enzyme-linked immunosorbent assay (ELISA) 
confirmed that both CCK mRNA and protein secretion 
were upregulated in prostate cancer cells in the presence 
of adipocytes (Figure 2B&2C and Suppl. Figure 4). 
Surprisingly, prostate cancer cell lines were found to 
actively expressing the CCK receptor CCKBR (Figure 
2D). Since activation of CCKBR has recently been 
shown to promote the stemness of colon cancer cells 
[22], it is possible that the induction of CCK expression 
by adipocytes may lead to the activation of an autocrine 
loop and as a result promote CSC self-renewal. Indeed, 
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while CCK mRNA was expressed at low level in both 
TRAMP-C1 and LNCaP cells, the corresponding bone 
metastatic sublines (i.e. TC1-T5 and C42B), which are 
enriched with CSC population (Suppl. Figure 5), were 
both found to express higher level of CCK transcript 
(Figure 2E). Meanwhile, treatment with human 
recombinant CCK not only induced the expression of 
CSC marker in TRAMP-C1 cells (Figure 2F), but also 
promotes the formation of prostasphere by the cells 
(Figure 2G), indicating the importance of CCK in 
regulating prostate CSC self-renewal. To confirm our 
findings, TRAMP-C1 cells were treated with a CCKBR 
specific inhibitor (i.e. YM022). As shown in Figure 2H, 
inhibition of CCKBR was found to suppress CSC marker 
expression in TRAMP-C1 cells. More importantly, 
CCKBR inhibition was found to suppress the promoting 
effect of adipocytes on spheroid formation of the cancer 
cells (Figure 2I), supporting that adipocytes stimulate 
prostate CSC self-renewal by facilitating the activation 
of the CCK/CCKBR autocrine loop.
CCK stimulates CTSB secretion of the 
adipocytes
Since CCK has been shown to regulate the function 
of adipocytes through activation of the CCKBR, we 
therefore speculate that by actively secreting CCK, 
prostate CSCs may also influence the co-cultured 
adipocytes, possibly in a way that favour their self-
renewal ability. Indeed, mass spectrometry analysis of 
the conditioned medium (CM) from adipocytes before 
and after co-cultured with prostate CSCs revealed that the 
cysteine protease CTSB, which plays an important role in 
prostate cancer progression [23], was among the proteins 
induced in adipocytes under the co-culture condition 
(Figure 3A). Subsequent analysis of the CM with ELISA 
Figure 1. Adipocytes promote prostate CSC self-renewal A. Adipocytes stimulate formation of prostaspheres. TRAMP-C1 
cells were seeded in ultra-low attachment plates in the presence or absence of 3T3-L1-derived adipocytes. After 7 days, prostaspheres 
formed were counted under the microscope. B. Representative images of the prostaspheres. C&D. Primary TRAMP-C1 prostasphere were 
dissociated and were allowed to grow as secondary prostaspheres in the presence of adipocytes. E&F. Expression of CSC markers by 
TRAMP-C1 cells or the prostatsphere formed under the co-culture conditions were examined by western blotting (Notch 1, CD49f, Sca-1 
and Nanog) and flow cytometry (CD49f and Sca-1) respectively. The results are presented as the mean ± SD from triplicate experiments. 
(p values: * < 0.05, ** < 0.005, *** < 0.0005).
Oncotarget4www.impactjournals.com/oncotarget
further confirmed that CTSB secretion was upregulated 
in adipocytes that have been co-cultured with prostate 
CSCs (Figure 3B), although the mRNA level of CTSB 
was not induced under the same condition (Figure 3C). 
Similarly, CTSB secretion, but not the mRNA level (data 
not shown), was induced in adipocytes that were treated 
with recombinant CCK (Figure 3D). However, the effect 
of the recombinant CCK was abolished in the presence of 
YM022 (Figure 3E), confirming that CCK induced CTSB 
through activation of the CCKBR.
CCK and CTSB contributes to an autocrine/
paracrine amplification loop
One of the key functions of cathepsin protein 
family is the regulation of peptide hormone release and 
activation [24]. For example, CSTB has been shown to 
promote the liberation of thorexine at the apical membrane 
[25]. Meanwhile, cathepsin L1 was also found to induce 
the processing of pro-CCK, leading to an increase in the 
secretion of the active CCK [26]. Although CTSB has not 
Figure 2. Adipocytes induce the cholecystokinin autocrine loop in prostate CSCs A. Genes upregulated in TRAMP-C1 
prostatsphere after co-culturing with adipocytes (grown in an insert) were identified with cDNA microarray analysis and the top 50 genes 
were displayed as a heat map. B. Upregulation of CCK mRNA in TRAMP-C1 prostaspheres was validated with RT-PCR. C. ELISA was 
performed to confirm the induction of CCK production in TRAMP-C1 cells after co-culturing with adipocytes. D. CCKBR expression 
was analysed in mouse (TRAMP-C1, TC1-T5) and human prostate cancer cell lines (LNCaP and C42B) using western blotting. E. CCK is 
upregulated in metastatic prostate cancer cells. mRNA level of CCK in TRAMP-C1, LNCaP and their corresponding metastatic sublines 
(TC1-T5 and C42B) were analysed by RT-PCR. F. Effect of CCK treatment on CSC marker expression in prostate cancer cells. TRAMP-C1 
cells were treated with recombinant CCK for 48 hours and the expression of CD49f was examined using western blotting. G. CCK 
promotes prostasphere formation by TRAMP-C1 cells. TRAMP-C1 cells were seeded in an ultra-low attachment plate in the presence or 
absence of human recombinant CCK. After 7 days, prostaspheres formed were counted under the microscope. H. Inhibition of CCKBR 
downregulated CSC marker expression (CD49f) in TRAMP-C1 cells. Cells treated with either the vehicle or CCKBR inhibitor (YM022 ) 
(10 and 25 µM) were lysed and subjected to western blot analysis against the indicated proteins. I. Inhibition of CCKBR abolishes the effect 
of adipocytes on prostasphere formation. TRAMP-C1 cells co-cultured with adipocytes were treated with different doses of the YM022 
(5 and 10 µM) and the prostaspheres formed under each condition were counted under microscope. All experiments were repeated at least 
three times, and the results are presented as the mean ± SD. (p values: * < 0.05, ** < 0.005, *** < 0.0005).
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been reported to regulate CCK secretion, we found that 
treatment of TRAMP-C1 cells with recombinant CTSB 
resulted in significant upregulation of CCK level in the 
conditioned medium (Figure 4A) without affecting CCK 
mRNA levels (data not shown). Meanwhile, inhibition 
of CTSB significantly suppressed CCK production by 
the cancer cells, further supporting that CTSB regulates 
CCK secretion (Figure 4B). Since CCK is also capable of 
inducing CTSB production of adipocytes, we anticipated 
that this autocrine/paracrine amplification loop may play 
a key role in sustaining the adipocyte-promoted prostate 
CSC self-renewal. Consistent with our hypothesis, the 
promoting effect of adipocytes on prostasphere formation 
was significantly suppressed in the presence of CTSB 
inhibitor (CA-074ME) (Figure 4C). Meanwhile, CA-
074ME was found to significantly enhance the effect 
of YM022 against prostasphere formation (Figure 4D). 
These results clearly indicate the critical role of this 
novel autocrine/paracrine loop in mediating the effect of 
adipocytes on prostate CSC self-renewal Summarized in 
Figure 4E.
DISCUSSION
The frequent invasion of local tumor into 
periprostatic adipose tissues and the metastasis of 
advanced tumors into the adipocyte-rich bone marrow 
clearly suggest the importance of adipose tissues during 
prostate cancer progression [27, 28]. What is not yet clear 
is how prostate cancer cells interact with the adipocytes 
to support their eventual expansion into metastatic tumor. 
Here, we report for the first time that adipocytes actively 
interplay with prostate CSCs through a novel autocrine/
paracrine amplification loop, leading to rapid enrichment 
of the CSC population.
Figure 3. CCK stimulates CTSB secretion by the adipocytes A. Protein secretion profiles of 3T3-L1-derived adipocytes before or 
after being co-cultured with TRAMP-C1 cells was determined by mass spectrometry. Proteins upregulated under the co-culture condition 
were listed in Table A. B&C. ELISA and RT-PCR were performed to validate the induction of CTSB expression in adipocytes after co-
culture with TRAMP-C1 cells. (D&E) Secretion of CTSB in adipocytes is regulated by CCK. D. 3T3-L1-derived adipocytes were treated 
with CCK recombinant protein (0.2µg/ml) for 4 hours and the level of CTSB in the conditioned medium was analysed by ELISA. E. 
Addition of YM022 (1 and 5 µM) completely abolished the effects of CCK on CTSB induction. Each experiment was repeated at least three 
times, and the results are presented as the mean ± SD. (p values: * < 0.05, ** < 0.005).
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Similar to normal stem cells, the stemness of 
prostate CSCs is highly dependent on the presence of a 
stem cell niche [29]. The stromal cells within the primary 
prostate tumor appear to play a key role in promoting the 
tumorigenicity of the prostate cancer cells, as evidenced by 
the ability of cancer associated fibroblasts in transforming 
normal prostate epithelial cells [30]. Similarly, our 
finding that adipocytes actively stimulate prostate CSC 
self-renewal support the proposal that adipose tissues 
may contribute to a metastatic niche necessary for the 
maintenance of prostate CSCs. Since obesity is associated 
with adipocyte dysfunction and abnormal adiposity, the 
resulting enrichment of the metastatic niches (i.e. the 
periprostatic adipose tissues and bone marrow fat) may in 
turn contribute to the frequent tumor metastasis and poor 
prognosis observed in obese prostate cancer patients [15].
The significant upregulation of CCK mRNA in 
prostate cancer cells upon co-cultured with adipocytes 
suggests that CCK is playing an important role in 
mediating the effect of adipocytes on CSC self-renewal. 
Expression of CCK was believed to be restricted to the 
enteroendocrine cells and to specialized neurons within 
the brain [31, 32]. It is therefore surprising that CCK and 
its receptor were both found to be expressed by prostate 
cancer cells. Our study therefore represents the first to 
discover the autocrine function of CCK in the maintenance 
of prostate CSCs. Exactly how CCK promotes the 
stemness of prostate CSCs is still unclear, although the 
Figure 4. CCK and CTSB contribute to an autocrine/paracrine amplification loop A. CTSB regulates the secretion of CCK 
by prostate cancer cells. TC1-T5 cells were treated with recombinant CTSB protein (0.2µg/ml) for 4 hours and the level of CCK in 
the conditioned medium was determined by ELISA. B. Inhibition of CTSB with CTSB inhibitor CA-074ME (10µM) suppresses CCK 
secretion in TC1-T5 cells. C. CTSB inhibition suppressed the promoting effect of adipocytes on prostatsphere formation in a dose dependent 
manner. TRAMP-C1 cells co-cultured with 3T3-L1-derived adipocytes were treated with different dosage of CA-074ME (5, 10 and 20µM). 
Prostaspheres were counted and imaged at day 7. D. CTSB inactivation sensitizes prostate CSCs to YM022 treatment. TRAMP-C1 cells co-
cultured with 3T3-L1-derived adipocytes were treated with the YM022 alone or in combination with CA-074ME. After 7 days, prostaspheres 
formed were counted and imaged under the microscope. E. Summary of the proposed role of adipocytes on prostate CSC maintenance. Each 
experiment was repeated at least three times, and the results are presented as the mean ± SD. (p values: * < 0.05, ** < 0.005, *** < 0.0005).
Oncotarget7www.impactjournals.com/oncotarget
binding and activation of CCKBR by gastrin, a hormone 
peptide structurally related to CCK, was found to regulate 
the proliferation of normal and malignant colon stem cells 
through suppression of both BMP-2 and Id4 expression 
[22]. Since CCK also binds to and activates CCKBR, it is 
possible that CCK may act through the same downstream 
signalling pathway.
Dietary fat is the major risk factor not only for 
obesity, but also for prostate cancer progression [33, 
34]. Intake of dietary fat is known to induce a rapid 
upregulation of CCK expression by the enteroendocrine 
cells within the intestine [35]. Therefore, long term high-fat 
diet consumption is expected to result in chronic elevation 
of serum CCK level. Indeed, in a recent study, mice that 
consumed a high-fat diet were found to have ten fold higher 
of serum CCK level when compared to the control group 
[36]. In pancreatic cancer, CCK expression was also found 
to associate with larger tumors and a higher incidence of 
metastasis [36, 37]. Considering that prostate cancer cells 
also express CCKBR and respond to CCK stimulation, 
the effects of high-fat diet on prostate tumor progression 
reported previously [38] may well be a consequence of 
CCK elevation. Therefore, exposing the cancer cells to a 
high lipid content (i.e. high-fat diet or co-culturing with 
adipocytes) may promote the CCK-autocrine loop and 
further driven the expansion of prostate CSCs.
It is worth noting that CCK not only regulates fat 
and protein digestion, but also controls the level of satiety. 
In an animal study, systemic administration of CCK 
was found to induce anorexia [39]. Meanwhile, serum 
CCK level was found to be significantly higher in older 
individuals [40], and is suggested to contribute to aging-
associated anorexia. Since we found that CCK expression 
is highly upregulated in bone metastatic prostate cancer 
cells, it is possible that CCK secreted by cancer cells may 
contribute to the anorexia commonly found in advanced 
stage cancer patients, although further examination of 
serum CCK level in prostate cancer patients is needed to 
confirm this hypothesis.
Our findings suggest that the secretion of CCK 
by prostate CSCs may also play roles in modulating the 
function of adipocytes, possibly in a way that further 
facilitates CSC expansion. One of the key pieces of 
evidence is the stimulation of CTSB secretion by the 
adipocytes, which in turn further promotes the secretion 
of CCK by the cancer cells. Our discovery of this 
seemingly paracrine/autocrine amplification loop may 
help in explaining the mutual interplay between prostate 
cancer cells and adipocytes. More importantly, despite 
the presence of adipocytes, disruption of this loop by 
means of inactivating either CCK receptor or CTSB 
can significantly inhibit prostate CSC expansion, clearly 
demonstrating the therapeutic potential of this paracrine/
autocrine amplification loop for targeting CSC population.
In summary, we have identified a novel mechanism 
that mediates the interaction between adipocytes and 
prostate cancer cells, which may offer opportunities for the 
development of new treatment against metastatic prostate 
cancer.
MATERIALS AND METHODS
Spheroid formation assay
The spheroid formation assay was modified from a 
previously reported protocol [41, 42]. Briefly, cells were 
harvested and counted using a Scepter™ Automated Cell 
Counter (Millipore, Billerica, MA, USA). Four hundred 
cells were added to each well of a 24-well ultra-low 
attachment plates (Sigma-Aldrich, St. Louis, MO, USA). 
Adipocytes differentiated from the 3T3-L1 cells were 
then added into a cell culture insert (0.4 μM) (Millipore) 
placed inside the well. Cells were grown in DMEM/F12 
(Invitrogen, Carlsbad, CA, USA), supplemented with 
10 μg/mL insulin (Sigma-Aldrich), B27 (Invitrogen), 
80 ng/mL EGF (Sigma-Aldrich) and 40 ng/mL basic 
FGF (Invitrogen). The number of spheroids formed was 
counted at Day 7 or at the end of the treatment. Each 
experiment was performed in triplicate and was repeated 
at least 3 times, with each data point represents the mean 
and SD. Statistical difference was determined by Student’s 
t test and was considered as significant if p < 0.05.
Western blot
Experimental procedures have been described 
in our previous study [43]. Firstly, cell pellets were 
collected and lysed with lysis buffer (Cell Signalling 
Technology, Danvers, MA, USA) containing 100 µM 
phenylmethylsulfonyl fluoride (PMSF; Sigma-Aldrich). 
The cell lysates were quantified using the Pierce™ 
BCAProtein Assay Kit (Thermo Fisher Scientific, 
Rockford, IL, USA) before loading onto a SDS-
polyacrylamide gel. The resolved proteins were then 
transferred onto a PVDF membrane (Millipore) which 
was then blocked with 10% skim milk in TBST-T buffer 
at room temperature. After the blocking, the membrane 
was probed with the indicated antibody for 1 hour at 
room temperature prior to being washed with TBS-T. The 
membrane was then incubated with the corresponding 
secondary antibody for another hour at room temperature. 
After washing with TBS-T, the membrane was incubated 
with Immobilon Western Chemiluminescent HRP 
Substrate (Millipore), and the signals were visualized 
and quantified using a Bio-Rad ChemiDoc™ XRS Gel 
Documentation System.
Flow cytometry analysis
Experimental procedures have been described by the 
manufacturer. Briefly, cells were collected, washed twice 
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with phosphate-buffered saline (PBS) and subsequently 
resuspended in 50 μl of fluorescence-activated cell 
sorting (FACS) buffer (0.02% sodium azide and 2% 
FBS in PBS) before incubating with the fluorescent dye-
conjugated antibodies at 4°C in the dark for 30 minutes. 
After incubation, the cells were washed twice with PBS 
and resuspended in 200 μl of FACS buffer, and the flow 
cytometry analysis was performed using the BD™ LSR 
II. The results were then analysed using the KALUZA 
software.
Microarray analysis
TRAMP-C1 cells that were grown alone or co-
cultured with adipocyte were lysed for RNA extraction 
with the RNeasy Mini Kit (Qiagen, Germantown, MD, 
USA) following with the manufacturer’s instructions. 
The resulting RNA was used for the generation of labeled 
cDNA based on the protocol described earlier [44]. cDNA 
was probed against the Mouse GE 44K v2 Microarray 
G2519F-026655 (Agilent Technologies, Santa Clara, CA, 
USA) according to standard procedures, and the signals 
were read by the Agilent scanner and analyzed with 
Genespring software.
Real time- polymerase chain reaction  
(RT-PCR)
Total RNA was isolated using the RNeasy Mini 
Kit (Qiagen) and 2 μg of the resulting RNA was used 
to synthesize cDNA using the SuperScript® III First-
Strand Synthesis Systems (Invitrogen) as described by the 
manufacturer’s instruction manual. RT-PCR was carried 
out with the ViiA™ 7 Real-Time PCR System (Applied 
Biosystems, Foster City, CA, USA). Sense and anti-sense 
primers specific for the genes of interest are listed in 
Suppl. Table 2. The transcript level of ribosomal protein 
L32 (RPL32) was used as an internal control. Note that, 
standard curve was used to quantify the CCK transcript 
level in human prostate cancer cell lines and transcript 
level was normalised as number of copies.
Liquid chromatography–Mass spectrometry 
(LC-MS/MS)
Concentrated conditioned media (collected from 
fresh adipocyte or adipocyte co-cultured with TRAMP-C1 
prostasphere) containing 19 ug of protein as quantitated by 
Pierce™ BCA Protein Assay Kit was separated on a SDS-
PAGE to 8 mm and visualised by colloidal coomassie. 
Protein gel slices (1 mm) were excised using a clean gel 
cutter (The Gel Company San Francisco, CA,USA) and 
were transferred to 96-well U bottom plate containing 
a solution of 50% acetonitrile: 25mM NH4HCO3 for 
destaining. Samples were reduced with 20mM DTT 
followed by alkylation with 50mM IAA. The samples 
were equilibrated to pH-8 with 50 mM NH4HCO3 and 
subsequently dehydrated with 100% acetonitrile. Proteins 
were extracted with 60% acetonitrile, 1% formic acid, 
dried in a speed-vac and resuspended in 10 μL of 5% v/v 
formic acid for LC-MS/MS.
Peptides were analyzed using a 1200 Series 
nano HPLC and Chip-Cube Q-TOF 6510 (Agilent 
Technologies). HPLC loading pump was set to 3% B, flow 
rate of 4uL/min while analytical pump was set to 10%B 
and flow rate of 0.3uL/min. Mass spectrometry data were 
analysed using Spectrum Mill (Agilent, B.04.00.127) 
search engine. Extracted data were searched against 
Swiss-Prot Release 2012-01-25 database containing 
534,242 sequence entries, with mouse species, fixed 
cysteine carbamidomethylation and variable methionine 
oxidation selected. Precursor and product mass tolerance 
was set to +/- 20ppm and ±=/- 50ppm respectively. Protein 
identification cut-offs were set to protein score > 11, 
peptide score >10 and scored peak intensity > 60% [45].
ELISA
To quantify CCK and CTSB secretion, conditioned 
medium was collected and analysed using either the CCK 
Enzyme Immunoassay (EIA) Kit (Sigma-Aldrich) or the 
CTSB Mouse ELISA Kit (Abcam, Cambridge, MA, USA) 
following with manufacturer’s instructions. Signals were 
detected using a LUMIstar OPTIMA Luminescence 
Microplate Reader. All results were then normalised as 
fold changes relative to the control.
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REFERENCES
1. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, 
Rebelo M, Parkin DM, Forman D, Bray F. Cancer inci-
dence and mortality worldwide: sources, methods and 
major patterns in GLOBOCAN 2012. Int J Cancer. 2015; 
136:E359-386.
2. Drake CG, Sharma P, Gerritsen W. Metastatic castration-
resistant prostate cancer: new therapies, novel combination 
strategies and implications for immunotherapy. Oncogene. 
2014; 33:5053-5064.
3. Feldman BJ, Feldman D. The development of androgen-
independent prostate cancer. Nat Rev Cancer. 2001; 
1:34-45.
4. Suva LJ, Washam C, Nicholas RW, Griffin RJ. Bone metas-
tasis: mechanisms and therapeutic opportunities. Nat Rev 
Endocrinol. 2011; 7:208-218.
5. Roodman GD. Mechanisms of bone metastasis. N Engl J 
Med. 2004; 350:1655-1664.
6. Lang SH, Frame FM, Collins AT. Prostate cancer stem 
cells. J Pathol. 2009; 217:299-306.
7. van der Pluijm G. Epithelial plasticity, cancer stem cells and 
bone metastasis formation. Bone. 2011; 48:37-43.
8. Floor S, van Staveren WC, Larsimont D, Dumont JE, 
Maenhaut C. Cancer cells in epithelial-to-mesenchymal 
transition and tumor-propagating-cancer stem cells: dis-
tinct, overlapping or same populations. Oncogene. 2011; 
30:4609-4621.
9. van der Pluijm G. Epithelial plasticity, cancer stem cells and 
bone metastasis formation. Bone. 48:37-43.
10. Calvi LM, Adams GB, Weibrecht KW, Weber JM, 
Olson DP, Knight MC, Martin RP, Schipani E, Divieti P, 
Bringhurst FR, Milner LA, Kronenberg HM, Scadden DT. 
Osteoblastic cells regulate the haematopoietic stem cell 
niche. Nature. 2003; 425:841-846.
11. Xiang T, Long H, He L, Han X, Lin K, Liang Z, Zhuo W, 
Xie R, Zhu B. Interleukin-17 produced by tumor microenvi-
ronment promotes self-renewal of CD133+ cancer stem-like 
cells in ovarian cancer. Oncogene. 2015; 34:165-176.
12. Liu S, Ginestier C, Ou SJ, Clouthier SG, Patel SH, Monville 
F, Korkaya H, Heath A, Dutcher J, Kleer CG, Jung Y, 
Dontu G, Taichman R, Wicha MS. Breast cancer stem cells 
are regulated by mesenchymal stem cells through cytokine 
networks. Cancer Res. 2011; 71:614-624.
13. Zhang J, Niu C, Ye L, Huang H, He X, Tong WG, Ross J, 
Haug J, Johnson T, Feng JQ, Harris S, Wiedemann LM, 
Mishina Y, Li L. Identification of the haematopoietic stem 
cell niche and control of the niche size. Nature. 2003; 
425:836-841.
14. Tang KD, Holzapfel BM, Liu J, Lee TK, Ma S, Jovanovic L, 
An J, Russell PJ, Clements JA, Hutmacher DW, Ling MT. 
Tie-2 regulates the stemness and metastatic properties of 
prostate cancer cells. Oncotarget. 2015; doi: 10.18632/
oncotarget.3950.
15. Hardaway AL, Herroon MK, Rajagurubandara E, Podgorski 
I. Bone marrow fat: linking adipocyte-induced inflamma-
tion with skeletal metastases. Cancer Metastasis Rev. 2014; 
33:527-543.
16. Finley DS, Calvert VS, Inokuchi J, Lau A, Narula N, 
Petricoin EF, Zaldivar F, Santos R, Tyson DR, Ornstein 
DK. Periprostatic adipose tissue as a modulator of prostate 
cancer aggressiveness. J Urol. 2009; 182:1621-1627.
17. Herroon MK, Rajagurubandara E, Hardaway AL, Powell K, 
Turchick A, Feldmann D, Podgorski I. Bone marrow 
adipocytes promote tumor growth in bone via FABP4-
dependent mechanisms. Oncotarget. 2013; 4:2108-2123. 
doi: 10.18632/oncotarget.1482.
18. Moreira A, Pereira SS, Costa M, Morais T, Pinto A, 
Fernandes R, Monteiro MP. Adipocyte secreted factors 
enhance aggressiveness of prostate carcinoma cells. PloS 
one. 2015; 10:e0123217.
19. Ito Y, Ishiguro H, Kobayashi N, Hasumi H, Watanabe M, 
Yao M, Uemura H. Adipocyte-derived monocyte chemo-
tactic protein-1 (MCP-1) promotes prostate cancer progres-
sion through the induction of MMP-2 activity. The Prostate. 
2015; 75:1009-1019.
20. Noda T, Kikugawa T, Tanji N, Miura N, Asai S, 
Higashiyama S, Yokoyama M. Longterm exposure to leptin 
enhances the growth of prostate cancer cells. International 
journal of oncology. 2015; 46:1535-1542.
21. Festa E, Fretz J, Berry R, Schmidt B, Rodeheffer M, 
Horowitz M, Horsley V. Adipocyte lineage cells contribute 
to the skin stem cell niche to drive hair cycling. Cell. 2011; 
146:761-771.
22. Jin G, Westphalen CB, Hayakawa Y, Worthley DL, Asfaha 
S, Yang X, Chen X, Si Y, Wang H, Tailor Y, Friedman RA, 
Wang TC. Progastrin stimulates colonic cell proliferation 
via CCK2R- and beta-arrestin-dependent suppression of 
BMP2. Gastroenterology. 2013; 145:820-830 e810.
23. Ma S, Tang KH, Chan YP, Lee TK, Kwan PS, Castilho A, 
Ng I, Man K, Wong N, To KF, Zheng BJ, Lai PB, Lo CM, 
et al. miR-130b Promotes CD133(+) liver tumor-initiating 
cell growth and self-renewal via tumor protein 53-induced 
nuclear protein 1. Cell Stem Cell. 2010; 7:694-707.
24. Yasothornsrikul S, Greenbaum D, Medzihradszky KF, 
Toneff T, Bundey R, Miller R, Schilling B, Petermann I, 
Dehnert J, Logvinova A, Goldsmith P, Neveu JM, 
Lane WS, et al. Cathepsin L in secretory vesicles functions 
as a prohormone-processing enzyme for production of the 
enkephalin peptide neurotransmitter. Proc Natl Acad Sci U 
S A. 2003; 100:9590-9595.
25. Brix K, Lemansky P, Herzog V. Evidence for extracel-
lularly acting cathepsins mediating thyroid hormone 
Oncotarget10www.impactjournals.com/oncotarget
liberation in thyroid epithelial cells. Endocrinology. 1996; 
137:1963-1974.
26. Beinfeld MC, Funkelstein L, Foulon T, Cadel S, Kitagawa 
K, Toneff T, Reinheckel T, Peters C, Hook V. Cathepsin 
L plays a major role in cholecystokinin production in 
mouse brain cortex and in pituitary AtT-20 cells: prote-
ase gene knockout and inhibitor studies. Peptides. 2009; 
30:1882-1891.
27. Ribeiro R, Monteiro C, Cunha V, Oliveira MJ, Freitas M, 
Fraga A, Principe P, Lobato C, Lobo F, Morais A, Silva V, 
Sanches-Magalhaes J, Oliveira J, et al. Human periprostatic 
adipose tissue promotes prostate cancer aggressiveness in 
vitro. J Exp Clin Cancer Res. 2012; 31:32.
28. Kapoor J, Namdarian B, Pedersen J, Hovens C, Moon 
D, Peters J, Costello AJ, Ruljancich P, Corcoran NM. 
Extraprostatic extension into periprostatic fat is a more 
important determinant of prostate cancer recurrence than 
an invasive phenotype. J Urol. 2013; 190:2061-2066.
29. Shiozawa Y, Pedersen EA, Havens AM, Jung Y, Mishra A, 
Joseph J, Kim JK, Patel LR, Ying C, Ziegler AM, 
Pienta MJ, Song J, Wang J, et al. Human prostate cancer 
metastases target the hematopoietic stem cell niche to estab-
lish footholds in mouse bone marrow. J Clin Invest. 2011; 
121:1298-1312.
30. Olumi AF, Grossfeld GD, Hayward SW, Carroll PR, Tlsty 
TD, Cunha GR. Carcinoma-associated fibroblasts direct 
tumor progression of initiated human prostatic epithelium. 
Cancer Res. 1999; 59:5002-5011.
31. Glassmeier G, Herzig KH, Hopfner M, Lemmer K, Jansen 
A, Scherubl H. Expression of functional GABAA recep-
tors in cholecystokinin-secreting gut neuroendocrine murine 
STC-1 cells. J Physiol. 1998; 510:805-814.
32. Lay JM, Bane G, Brunkan CS, Davis J, Lopez-Diaz L, 
Samuelson LC. Enteroendocrine cell expression of a cho-
lecystokinin gene construct in transgenic mice and cul-
tured cells. Am J Physiol Gastrointest Liver Physiol. 2005; 
288:G354-361.
33. Di Sebastiano KM, Mourtzakis M. The role of dietary fat 
throughout the prostate cancer trajectory. Nutrients. 2014; 
6:6095-6109.
34. Pelser C, Mondul AM, Hollenbeck AR, Park Y. Dietary fat, 
fatty acids, and risk of prostate cancer in the NIH-AARP 
diet and health study. Cancer Epidemiol Biomarkers Prev. 
2013; 22:697-707.
35. Hand KV, Bruen CM, O'Halloran F, Giblin L, Green 
BD. Acute and chronic effects of dietary fatty acids on 
cholecystokinin expression, storage and secretion in 
enteroendocrine STC-1 cells. Mol Nutr Food Res. 2010; 54 
Suppl 1:S93-S103.
36. Matters GL, Cooper TK, McGovern CO, Gilius EL, Liao J, 
Barth BM, Kester M, Smith JP. Cholecystokinin mediates 
progression and metastasis of pancreatic cancer associated 
with dietary fat. Dig Dis Sci. 2014; 59:1180-1191.
37. Smith JP, Solomon TE, Bagheri S, Kramer S. 
Cholecystokinin stimulates growth of human pancre-
atic adenocarcinoma SW-1990. Dig Dis Sci. 1990; 
35:1377-1384.
38. Chang SN, Han J, Abdelkader TS, Kim TH, Lee JM, 
Song J, Kim KS, Park JH, Park JH. High animal fat intake 
enhances prostate cancer progression and reduces gluta-
thione peroxidase 3 expression in early stages of TRAMP 
mice. The Prostate. 2014; 74:1266-1277.
39. Verbalis JG, McCann MJ, McHale CM, Stricker EM. 
Oxytocin secretion in response to cholecystokinin and 
food: differentiation of nausea from satiety. Science. 1986; 
232:1417-1419.
40. MacIntosh CG, Morley JE, Wishart J, Morris H, Jansen JB, 
Horowitz M, Chapman IM. Effect of exogenous cholecysto-
kinin (CCK)-8 on food intake and plasma CCK, leptin, and 
insulin concentrations in older and young adults: evidence 
for increased CCK activity as a cause of the anorexia of 
aging. The Journal of clinical endocrinology and metabo-
lism. 2001; 86:5830-5837.
41. Luk SU, Lee TK, Liu J, Lee DT, Chiu YT, Ma S, Ng IO, 
Wong YC, Chan FL, Ling MT. Chemopreventive effect 
of PSP through targeting of prostate cancer stem cell-like 
population. PloS one. 2011; 6:e19804.
42. Luk SU, Yap WN, Chiu YT, Lee DT, Ma S, Lee TK, 
Vasireddy RS, Wong YC, Ching YP, Nelson C, Yap YL, 
Ling MT. Gamma-tocotrienol as an effective agent in 
targeting prostate cancer stem cell-like population. Int J 
Cancer. 2011; 128:2182-2191.
43. Kwan PS, Lau CC, Chiu YT, Man C, Liu J, Tang KD, 
Wong YC, Ling MT. Daxx regulates mitotic progression 
and prostate cancer predisposition. Carcinogenesis. 2013; 
34:750-759.
44. Sieh S, Taubenberger AV, Rizzi SC, Sadowski M, Lehman 
ML, Rockstroh A, An J, Clements JA, Nelson CC, 
Hutmacher DW. Phenotypic Characterization of Prostate 
Cancer LNCaP Cells Cultured within a Bioengineered 
Microenvironment. PLoS ONE. 2012; 7:e40217.
45. Inder KL, Loo D, Zheng YZ, Parton RG, Foster LJ, Hill 
M. (2012). Normalization of protein at different stages in 
SILAC subcellular proteomics affects functional analysis.
